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A B S T R A C T
Transport of corrosion products into pores and cracks in concrete must be considered when predicting cor-
rosion induced cracking in reinforced concrete structures, since this transport signiﬁcantly delays the onset
of cracking and spalling by reducing the amount of radial displacement imposed on the concrete at the
steel/concrete interface. We aim tomodel this process bymeans of a coupled transport-structural approach,
whereby the transport of corrosion products is determined by a pressure gradient generated by the conﬁned
volumetric expansion due to the transformation of steel into corrosion products. This pressure driven trans-
port was studied by using both an axisymmetric thick-walled cylinder model and a network approach. The
network approach was then applied to corrosion induced cracking experiments reported in the literature.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction
Corrosion of steel reinforcement is one of the most commonly
encountered deterioration mechanisms leading to cracking of con-
crete [6]. The process of corrosion induced deterioration is com-
monly divided into initiation and propagation phases [28], whereby
the propagation is characterised by the progression from corro-
sion initiation to surface cracking, spalling and eventually structural
collapse either due to loss of anchorage or reinforcement rupture
(Fig. 1). The present work is focused on the propagation phase by
modelling the transport of corrosion products into the concrete and
its inﬂuence on the process of corrosion induced cracking. Corrosion
in reinforced concrete involves the transformation of steel reinforce-
ment into corrosion products, which occupy greater volume than
the original steel. The ratio of the volumes of corrosion products
and steel can vary from less than two to more than six [6]. This
volume expansion results in internal pressure acting on the concrete,
which is equilibrated by circumferential tensile stresses leading to
cracks in and potentially spalling of the concrete. Understanding cor-
rosion induced cracking in concrete is diﬃcult because of multiple
interacting processes and phenomena, such as the transport of cor-
rosion products into pores and cracks, the spatial distribution of steel
areas affected by corrosion, compaction of corrosion products, the
inﬂuence of the chemical environment on the rust products, and
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creep, shrinkage, hardening and cracking of concrete. The process
of corrosion induced cracking involves strong coupling between the
electro-chemical process of the generation of corrosion products
(modelled as a ﬂuid in this work) and their structural conﬁnement by
the surrounding concrete. The build up of ﬂuid pressure due to this
coupling results in the transport of corrosion products into pores and
cracks in the concrete, which must be considered when predicting
corrosion induced cracking in reinforced concrete structures, since
this transport signiﬁcantly delays the onset of cracking.
Physical tests on corrosion induced cracking have been reported
for single and multiple reinforcement bars in [1,2,18,24]. Experi-
mental studies in [31] and [16] have shown that corrosion products
are transported into pores and cracks. Modelling approaches are
categorised into models for specimens with simple geometries, such
as thick-walled cylinders, for which solutions can be obtained in
compact form [3,14,21] and numerical models applicable to general
geometries and boundary conditions [15,17,20,23,26,27].
In both axisymmetric and general numerical models, the trans-
port of corrosion products into the concrete has been considered in
different ways. In many approaches, a porous zone was considered
which had to be ﬁlled before the volume expansion due to the
transformation of steel into corrosion products started to generate
pressure in the surrounding concrete [9,14]. In other studies, it was
proposed to ﬁll voids and cracks once corrosion induced cracking
had started [7,26,27]. These modelling approaches use adhoc rules
to describe the penetration of the rust. In [20], diffusion is used to
describe the transport of rust into the concrete. None of the above
approaches link the transport to the pressure build up due to the
http://dx.doi.org/10.1016/j.cemconres.2017.01.007
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C. Fahy et al. / Cement and Concrete Research 94 (2017) 24–35 25
deterioration
exposure time
surface cracks
spalling
collapse
depassivation
propagationinitiation
Fig. 1. Corrosion induced cracking: service life deﬁnition after Tuutti [28].
structural conﬁnement of the corrosion products. The aim of the
present work is to model the mechanics of the transport of rust
into concrete by a transport-structural approach, whereby the ﬂuid
composed of corrosion products is transported into the concrete by
means of a pressure gradient originating from the volume expan-
sion due to the transformation from steel into corrosion products.
The assumption that corrosion products can be treated as ﬂuid
has already been proposed in [17], where only structural analyses
were performed. Most approaches model corrosion to occur uni-
formly around the reinforcement bar, which was also assumed in the
present study. However, it should be kept in mind that the spatial
distribution around the reinforcement bar can have a strong effect
on surface cracking as shown in [32].
The transport-structural modelling of corrosion induced cracking
was introduced here both in an axisymmetric thick-walled cylinder
approach for describing the stage from initiation to surface cracking
and a 2D discrete network approach, which conceptually is capable
of describing the full propagation phase (Fig. 1). The axisymmet-
ric thick-walled cylinder model is an extension of the approach
reported in [21]. The main difference to [21] is that the structural
model is extended to a transport-structural approach. The numerical
network model belongs to the group of discrete element approaches,
for which the connectivity between elements remains the same
during the analysis [5,8,25]. They are often also called lattice or rigid-
body-spring network models. This type of network models has been
shown to be capable of describing fracture and transport in concrete
mesh-independently and modelling of the coupling of fracture and
transport [4,11,13].
2. Corrosion products at steel/concrete interface
The pressure generated by the conﬁnement of corrosion products
is used to model the transport of these products into the cracked
porous concrete. The main assumptions of this approach are that
the corrosion products form an incompressible ﬂuid with a time
independent viscosity. Furthermore, concrete is assumed to be fully
saturated and Biot’s coeﬃcient for the porous concrete is assumed to
be zero, i.e. the ﬂuid pressure within the concrete does not affect the
mechanical stress. However, the generation of corrosion products at
the steel/concrete interface results in pressure build up.
In laboratory experiments, corrosion of reinforcement is often
accelerated by applying a current density icor to the reinforced con-
crete specimens. In this setup, the change of loss of steel radius dxcor
is related to the current density icor through Faraday’s law, where
dxcor = 0.0315icordt (1)
in which 0.0315 is a factor converting the units of icor from lA/cm2
into lm/days as used in [17]. This relationship is used in the present
study to relate the time increment dt to the increment of loss of
steel layer dxcor. This steel layer is then related to a layer of corro-
sion products by means of an expansion factor. The overall approach
for themodelling of the volume expansion associated with the trans-
formation from steel into corrosion products is to apply a part of
the corrosion product layer as a displacement change ducor at the
interface between the steel and concrete, which results in a reac-
tive pressure Pﬁ in the structural part of the model. The remaining
part is equal to the volume of corrosion products transported into
the pores and cracks of the concrete. The prescribed displacement
change ducor was modelled in different ways. For the axisymmetric
thick-walled cylinder model, the displacement at the inner bound-
ary was directly applied, since the reinforcement was assumed to
be rigid and was not modelled. For the network model, in which
reinforcement, interface and concrete are discretised, the volume
expansion is modelled through an eigendisplacement at the inter-
face. If the reinforcement and interface are assumed to be inﬁnitely
stiff, this is equivalent to prescribing the displacement ducor directly.
This allowed for comparing the results of the axisymmetric and 2D
network model. This pressure is then used to determine the ﬂow
of corrosion products into the concrete by the transport part of the
model. With this approach, the structural analysis is independent of
the transport part.
In Fig. 2, the geometrical meaning of the different components is
illustrated, where ri is the initial radius of the reinforcement bar (the
inner radius of the thick-walled cylinder), xcor is the thickness of steel
that has been removed at time t due to corrosion, a is an expansion
factor, describing the volume increase on transformation from steel
to corrosion products, and ucor is the prescribed radial displacement
at the steel/concrete interface.
For a time change dt, the volume balance is
adxcor = dxcor + ducor + qdt (2)
steel
Fig. 2. Corrosion induced cracking: (b) steel reinforcement bar with layers illustrating
the split into different corrosion product components.
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where q = Q/(2pri) is the ﬂux of corrosion products transported into
the pores and cracks of the concrete (i.e. the ﬂow rate per unit area of
corrosion products, where Q is the total ﬂow rate assuming unit out-
of-plane thickness). For the balance of Eq. (2), it is assumed that xcor,
axcor and ucor are much smaller than the radius of the reinforcement
bar, so that, for instance, the volume of the steel loss around the rein-
forcement bar is approximated as xcor2pri. The ﬂux q is a function of
the pressure generated by the conﬁnement of corrosion products.
Substituting dt from Eq. (1) in Eq. (2) and solving for dxcor give
dxcor =
ducor
a − 1 − q/(0.0315icor) (3)
Thus, if for a prescribed displacement ducor the ﬂux of corrosion
products q is determined, the change of radial loss of steel dxcor is cal-
culated from Eq. (3). The input parameters for this approach are the
current density (corrosion rate) icor and the expansion factor a. The
prescribed radial displacement ducor and the ﬂux q are determined
by means of the axisymmetric and network models described in the
following sections, which require additional input parameters.
3. Axisymmetric thick-walled cylinder model
A thick-walled cylinder is modelled assuming axisymmetry and
using orthotropic elasticity following the work in [21,29]. The
main approach is to divide the thick-walled cylinder into an inner
cracked and outer uncracked region (Fig. 3). For the cracked region,
orthotropic elasticity is used [21], whereas the uncracked region
is modelled with isotropic elasticity [29]. The orthotropy for the
cracked cylinder is introduced by reducing the tangential Young’s
modulus by means of a scalar damage model, which is driven by an
exponential stress-crack opening law.
The main equation for the structural part of the thick-walled
cylinder model for both cracked and uncracked regions is the equi-
librium equation
sr +
dsr
dr
r − sh = 0 (4)
Here, r is the radial coordinate, and s r and sh are the radial and
circumferential stress, respectively, which are deﬁned as
sr =
1
1 − mrhmhr (Erer + mrhEheh) (5)
and
sh =
1
1 − mrhmhr (Eheh + mhrErer) (6)
together with the condition that
mhr = mrh
Eh
Er
(7)
Here, Eh and Er are the circumferential and radial Young’s moduli,
respectively. Furthermore, er = du/dr and eh = u/r are the radial
and circumferential strain, respectively, where u is the radial dis-
placement. The parameters mrh and mhr are the Poisson’s ratios of
the orthotropic material. The ratio Eh/Er is related to the damage
parameter y as
Eh
Er
= 1 − y (8)
Setting Eqs. (5), (6) and (8) into the equilibrium equation in Eq. (4),
and assuming that mhr = mrh = 0, gives the second order ordinary
differential equation
d2u
dr2
+
1
r
du
dr
− (1 − y) u
r2
= 0 (9)
Thus, damage is introduced by reducing only the tangential Young’s
modulus. For mrh = 0, mhr = 0 and y = 0, Eq. (9) would result in a
more complex second order differential equation. For the uncracked
region, y = 0 so that Eh = Er = E and Eq. (9) is linear. For this case,
Eq. (9) is valid for any Poisson’s ratio. For the cracked region, y is
a nonlinear function of the radius and the radial displacement. It is
determined by setting the circumferential stress equal to the stress
obtained from an exponential stress-crack opening law of the form
sh = ft exp
(
−yeh
ef
)
(10)
which is controlled by the inelastic strain
ef = nc
wf
lc
(11)
The parameter wf is the crack opening threshold in the exponential
stress crack opening law which is related to the fracture energy GF
cracked
uncracked
)b()a(
Fig. 3. Axisymmetric model: (a) thick-walled cylinder divided into an inner cracked and outer uncracked part, (b) exponential stress crack opening curve.
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and the tensile strength ft as wf = GF/ft, and nc is the number of
cracks assumed to be present in the thick-walled cylinder. Further-
more, lc = 2pr.
For each part of the cylinder, two boundary conditions are
required to solve the second order ordinary differential equation. For
the outer uncracked cylinder, the conditions are that the radial stress
at the outer boundary is equal to zero (s r(r = ro) = 0) and the
tangential stress at the boundary between cracked and uncracked
regions is equal to the tensile strength (sh(r = r+c ) = ft). The two
conditions for the cracked cylinder are that the two radial stresses
at the boundary between cracked and uncracked regions are equal
(s r(r = r+c ) = s r(r = r
−
c )) and the tangential stress at the bound-
ary between cracked and uncracked regions is equal to the tensile
strength (sh(r = r−c ) = ft). For the uncracked part, Eq. (9) can be
solved explicitly. However, for the cracked part, a ﬁnite difference
scheme is used to obtain the solution numerically. The solution for
the radial displacement u in the two regions are obtained for an
increasing radius rc. From u, the radial and tangential stresses and
strains are computed. The radial displacement u at r = ri, i.e. at the
inner boundary of the cylinder, is equal to the eigendisplacement ucor
in Section 2.
The transport part of the axisymmetric model is an extension
of the approach described in [13] to the case of a cracked cylinder.
The inﬂuence of cracks on the transport is described by the cubic
law [30], which is a function of the crack opening. This crack opening
is determined from the structural part as
wc =
lc
nc
yeh (12)
According to [13], the radial stress at the inner boundary (s r(r = ri))
is set equal to the ﬂuid pressure Pﬁ at the inner boundary (tension
positive). The spatial gradient of the ﬂuid pressure Pf in the radial
direction is related by Darcy’s law to the total ﬂow rate Q through the
cylinder as
dPf =
l
j
Q
2pr
dr (13)
where l is the dynamic viscosity of the corrosion products, which
is the ﬂuid transported through the thick-walled cylinder. Further-
more, j is the permeability which is composed of an uncracked
contribution j0 and a cracked contribution jc(r) as j = j0 + jc(r),
whereby
jc = ncn
w3c
12lc
(14)
is the cubic law reduced by a factor n taking into account the inﬂu-
ence of fracture roughness on the crack permeability. The required
input parameters of the axisymmetric model assuming mrh = mhr =
0 are Er, nc, ft, GF, j, l and n.
4. Network model
The network model used in this study is based on the approach
presented in [13], extended to the modelling of the inﬂuence of
cracking on the permeability. The domain is discretised by a 2D
(out-of-plane direction corresponds to the axis of a reinforcement
bar) structural and transport network, which is generated by dual
Voronoi and Delaunay tessellations based on an irregular set of ran-
domly placed points restricted by a minimum distance dmin. The
structural and transport elements are placed on the edges of Delau-
nay triangles and Voronoi polyhedra, respectively (Fig. 4a).
In the following sections, the element and material formulations
of the structural and transport lattices are discussed.
4.1. Structural network model
For the 2D structural analysis, the general equilibrium equation
for the quasi-static case without body forces is
∇sc = 0 (15)
where ∇ is the divergence operator and sc is the continuum stress
tensor. This equilibrium equation is approximated by a network of
structural elements shown by solid lines in Fig. 4a. Each element con-
nects two nodes, which possess three degrees of freedom, namely
two translations and one rotation. They are related to a discontinu-
ity at the mid-point C of the mid-cross-section (Fig. 4b). The distance
e between the centre C of the mid-cross-section and the mid-point
of the element is deﬁned to be positive if it is located on the left
of the element. The degrees of freedom of one element ue are split
into translational and rotational degrees of freedom as ue = {uTt ,uTr }T
where ut = {u1, v1,u2, v2}T and ur = {01,02}T. The degrees of
)b()a(
Fig. 4. Network model: (a) discretisation based on dual Delaunay and Voronoi tessellation, (b) structural and transport elements.
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freedom ut and ur are related to the displacement discontinuities
uc = {uc, vc}T at the mid-point C of the mid-cross-section as
uc = Btut + Brur (16)
where
Bt =
( − cosa − sina cosa sina
sina − cosa − sina cosa
)
(17)
with the orientation a shown in Fig. 4b, and
Br =
( −e −e
−h/2 −h/2
)
(18)
The stiffness matrix of the lattice element has the form
K =
A
h
(
BTt DBt B
T
t DBr
BTrDBt B
T
rDBr
)
+
(
0 0
0 Kr
)
(19)
Here, D is the material stiffness and Kr is the rotational stiffness rep-
resenting resistance of the mid-cross-section to bending, which is
Kr =
(1 − y)
h
(
EI EI
EI EI
)
(20)
The damage factor 1 − y in the rotational stiffness Kr ensures that
the stiffness reduces to zero for damage increasing to one.
The displacement discontinuities uc are transformed into strains
as e = uc/h = {en, es}T, where h is the distance between the element
nodes (Fig. 4b). The strains are related to the stresses s = {sn,ss}T
by an isotropic damage model. The subscripts n and t refer to the
normal and shear components of the strain and stress vector. The
stress-strain law is
s = (1 − y)De (21)
Here, D is the elastic stiffness deﬁned as
D =
(
E 0
0 cE
)
(22)
where E and c are model parameters, which are related to the con-
tinuum Young’s modulus Ec and Poisson’s ratio m. For the special case
of c = 1 the continuum parameters are Ec = E and m = 0, which
were used in the analyses in this work.
The damage parameter y is a function of a history variable j,
which is determined by the loading function
f (e, j) = eeq (e) − j (23)
and the loading-unloading conditions
f ≤ 0, j˙ ≥ 0, j˙f = 0 (24)
The equivalent strain eeq in Eq. (23) is deﬁned as
eeq(en, es) =
1
2
e0 (1 − c)+
√(
1
2
e0(c − 1) + en
)2
+
cc2e2s
s2
(25)
where e0, c and s are model parameters, which are directly related to
the strength and stiffness of the equivalent continuum of the lattice
elements.
For eeq = e0, this equivalent strain deﬁnition results in an elliptic
strength envelope shown in Fig. 5. For pure tension, the stress is
limited by the tensile strength ft = Ee0. For pure shear and pure com-
pression, the stress is limited by the shear strength fs = sft and the
compressive strength fc = cft, respectively.
The damage parameter y is determined by setting the normal
stress sn = (1 − y)Een equal to the stress of an exponential stress
crack opening curve of the form sn = ft exp (wcn/wf). Within
this damage formulation, the crack opening is deﬁned as wc =
{wcn,wcs}T = yh{en, es}T. Replacing en by j in these two expres-
sions of the normal stress, the nonlinear equation for the stress
equilibrium is
(1 − y) Ej = ft exp
(
−yhj
wf
)
(26)
from which the damage parameter y was determined iteratively
using the Newton-Raphson method. Parameter wf determines the
initial slope of the stress crack opening softening curve and is related
to the fracture energy GF = ftwf for pure tensile loading, which
corresponds to the total area under the stress crack opening curve
in Fig. 5b. The model parameters for the structural part are E and
c for the elastic, and e0, q, c and wf for the inelastic response.
The present constitutive model is a scalar damage model which
reduces the stiffness of the material isotropically. This differs from
the axisymmetric model in Section 3 in which only the circum-
ferential stiffness is reduced. Still, the two models provide a good
agreement (see Section 5), because the network model is based
on a two-dimensional discretisation of the cylinder. Therefore, the
)b()a(
Fig. 5. (a) Network model: elliptic strength envelope in structural stress space and (b) ﬂuid pressure at transport nodes derived from reactive forces associated with
applied displacements.
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Fig. 6. Internal pressure Pﬁ versus loss of radius xcor for the network and axisymmetric
model. The three marked stages refer to crack patterns shown in Fig. 7.
overall anisotropic response is captured by spatially localised zones
of isotropic damage.
4.2. Transport model
The lattice model for the ﬂuid transport is based on several ide-
alisations. Fluid pressures applied at the boundary of the model
result in steady-state conditions. Thus, any transient effects due to
changes of the boundary pressure and changes of the transport prop-
erties are disregarded. Instead, the ﬁnal state, for which equilibrium
with the hydraulic boundary conditions hold, is considered. This ide-
alised approach is well suited for applications in which the change of
boundary pressure and crack propagation occur slowly. Furthermore,
the ﬂuid within the concrete is assumed incompressible.
The transport of an incompressible ﬂuid through a saturated
porous medium in steady-state conditions based on mass conserva-
tion, laminar ﬂow conditions and Darcy’s law, is described by the
differential equation
div (j/lgradPf) = 0 (27)
j is the permeability and Pf is the pore ﬂuid pressure (tension
positive) already introduced in Section 3.
The differential equation for mass transport in Eq. (27) is mod-
elled by a network of one-dimensional transport elements shown
by the dashed lines in Fig. 4. The discrete form of one of these
elements is
aePf = fe (28)
where Pf is a vector containing the nodal values of the ﬂuid pressure,
ae is the conductivity matrix and fe is the nodal ﬂow rate vector. The
conductivity matrix is deﬁned as
ae =
A
l
j/l
(
1 −1
−1 1
)
(29)
where A = h is the area of the rectangular cross-section assuming a
unit thickness in the out of plane direction, and h and l are deﬁned in
Fig. 4b. As in Section 3, the permeability j comprises two parts
j = j0 + jc (30)
where j0 is the permeability of the uncracked material and jc is the
permeability contribution due to cracking which is
jc = n
w¯3c
12h
(31)
This expression of jc differs from Eq. (14) in Section 3, since it
does not require any information about the number of cracks, which
is determined automatically from the two-dimensional boundary
value problem. The variable w¯c is the equivalent crack opening
deﬁned as
w¯c =
√
w2cn +w2cs (32)
The aim of this study was to model cracking caused by the con-
ﬁnement of corrosion products by a coupled transport-structural
approach. The coupling was introduced at the steel/concrete inter-
face by setting the structural stress equal to the ﬂuid pressure. This
was achieved by converting the radial components of the nodal
forces resulting from the eigendisplacement at the interface layer
between steel and concrete phase into a ﬂuid pressure by dividing
them by the cross-sectional area of the element (Fig. 5b). This
pressure is applied to the boundary nodes of the transport model.
)c()b()a(
Fig. 7. Crack patterns for three stages in the Pﬁ-xcor curve shown in Fig. 6. The red and grey lines show active and inactive cracks. The dashed line represents the interface between
cracked and uncracked regions of the axisymmetric model.
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The required input parameters of the transport part of the network
model are j0, l and n.
5. Comparison between axisymmetric and network model
The two modelling approaches outlined above were applied to
the failure process of a thick-walled cylinder subjected to an increas-
ing inner radial displacement representing a layer of corrosion
products. The aim of this analysis was to investigate the nonlinear
relationship between the radial pressure and loss of diameter xcor,
as well as to compare the performances of the axisymmetric and
network approaches. The analyses were performed incrementally,
whereby for each increment a sequence of structural and transport
analyses were performed. Then, xcor was determined by adding the
corresponding increments calculated in Eq. (3).
For all analyses, the same input parameters were chosen for
the axisymmetric and network model. The geometry of the thick-
walled cylinder was chosen as ri = 8 mm and ro = 58 mm. The
material parameters for the structural part of both models were
Young’s modulus E = 30 GPa, Poisson’s ratio m = 0, tensile strength
ft = 3 MPa and fracture energy GF = 0.15 N/mm. For the network
model, the minimum distance for the discretisation was chosen as
dmin = 1 mm. For the axisymmetric model, it was also required to
assume the number of cracks, which was chosen as nc = 4 based
on preliminary results obtained from the network model. For the
transport part, two permeabilities of the uncracked material were
used to investigate the inﬂuence of this parameter on the loss of
radius xcor. The permeabilities were chosen as j0 = 1 × 10−10 and
5× 10−10 mm2. Furthermore, the other parameters for the transport
part were selected as n = 0.001 and l = 0.019 MPas. Finally, for the
calculation of dxcor, the expansion factor of the corrosion products
was assumed to be a = 2 and icor = 100 lA/cm2. The permeabil-
ity value j0 = 1 × 10−10 mm2 and tortuosity value n = 0.001
was used previously in [12] for modelling the inﬂuence of crack-
ing on capillary suction in concrete, which provided good agreement
with experiments. The greater value j0 = 1 × 5−10 mm2 was used
here to investigate if the two modelling approaches are capable of
taking into account the increase of permeability on the transport
of corrosion products. Furthermore, the values for the expansion
factor a and the current density icor are typical for the modelling of
accelerated corrosion tests [17].
In Fig. 6, the internal pressure Pﬁ versus the loss of steel radius
xcor for the two uncracked permeabilities j0 is shown for the two
modelling approaches. The agreement between the two approaches
is very good. The axisymmetric model only slightly overestimates
the maximum pressure obtained by the network model. Further-
more, j0 has a strong inﬂuence on the Pﬁ-xcor curve. For the greater
permeability, the maximum pressure is reached at a greater xcor.
Although cracking strongly inﬂuences the Pﬁ-xcor curve resulting
in the nonlinear structural response, it was found to have a small
inﬂuence on the overall permeability of the transport part despite
crack openings at the steel concrete interface wmaxc ≈ 0.1 mm. The
reason for this small inﬂuence is that the outer boundary layer
of the thick-walled cylinder was not cracked yet. Therefore, the
crack path for ﬂuid to the surface is not continuous. Once the
crack reaches the surface, the inﬂuence of cracking increases sig-
niﬁcantly. This trend is a natural result of the present model, since
it is able to take into account the connectivity of the crack with
the outer surface. This is one of the advantages of the present
approach over models, which ﬁll cracks with corrosion products
based on adhoc rules. For the axisymmetric model, the case of
the crack joining the outer surface was not considered, since it
violates the assumption of smeared out damage in the circumferen-
tial direction.
In Fig. 6, three stages are marked at which the cracking predicted
by the network model is shown in Fig. 7. The red and grey lines (see
online version for colours) refer to active and inactive cracks, respec-
tively. Here, an active crack is visualised as a mid-cross-section of a
)c()b()a(
Fig. 9. Concrete specimen containing a single reinforcing bar: (a) geometry, and (b) structural and (c) transport network.
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structural element for which the damage variable increases at this
stage of analysis. The dashed line shows the interface between the
crack and uncracked region predicted by the axisymmetric model. It
can be seen that there is again a very good agreement between the
axisymmetric and network model. For stage (c), the four main cracks
from the network model do not have the same length anymore. This
indicates the limit of the axisymmetric model. Any further radial
displacement at the inner boundary, would lead to a completely
asymmetric crack pattern with only one crack remaining active. The
crack patterns in Fig. 7 apply to both analyses (j0 = 1 × 10−10
and 5 × 10−10 mm2), since the structural part of the analysis is
independent of the transport part.
The strong inﬂuence of the permeability j0 on the amount of
transported corrosion products is further illustrated by showing the
ratio of increments of transported and total volumes of corrosion
products versus the loss of radius for the two models in Fig. 8. Again,
a good agreement between the models is obtained. The greater the
permeability, the greater is the volume of corrosion products trans-
ported into the concrete. At stage (c), the volume ratio predicted
from the axisymmetric model is slightly greater than that from the
network approach, since also the inner pressure of the axisymmetric
model is greater than the network one.
The good agreement between the axisymmetric and network
models gives conﬁdence in the ability of the models to describe the
considered processes correctly. In the next step, the network model
is used to analyse the response of structures with more complicated
geometries for which the axisymmetric model could not be used
since the assumptions of axisymmetry do not hold anymore.
6. Calibration
Since the approach for modelling corrosion induced cracking as
a coupled transport-structural problem is new, there is not enough
information in the literature for choosing the dynamic viscosity
of the corrosion products, which is modelled as a ﬂuid. Here, the
dynamic viscosity of the corrosion products is inversely calibrated by
ﬁtting the experimental time versus crack opening results for a spec-
imen with a single reinforcement bar reported in Andrade et al. [2].
It is assumed that the dynamic viscosity is time independent. The
geometry and loading setup of the concrete specimen with a sin-
gle reinforcement bar is shown in Fig. 9. The out-of plane thickness
of the specimen is 380 mm. The crack opening was deﬁned as the
relative horizontal displacement between the two nodes A and B at
the top of the specimen shown in Fig. 9. For the transport model, the
specimen is assumed to be fully saturated. Furthermore, the pres-
sure along the external boundaries of the specimen is assumed to
be zero. Model input parameters for three phases, namely concrete,
steel and interface between steel and concrete are required for the
structural part. For the transport part, the steel is assumed to be
impermeable. Therefore, it is not discretised by the network of trans-
port elements. The 2D networks used for the analysis are shown in
Fig. 9b and c.
For concrete, the input parameters for the structural part are
E = 37 GPa, ft = 3.2 MPa, GF = 143 J/m2, c = 1. These param-
eters were determined according to FIB [10]. The steel is modelled
to behave elastically with E = 210 GPa [17] and c = 1. The
exact value of the Young’s modulus of steel is of minor impor-
tance, as long as it is much higher than the one of the concrete.
The interface between steel and concrete was assumed to have the
same properties as concrete, except for the ratio of the normal and
shear stiffness which was set to c = 0.0001. This low value was
)b()a(
Fig. 11. Corrosion induced cracking for a single reinforcement bar: fracture patterns obtained during analyses for (a) xcor = 6.87 lm and (b) 77.3 lm. Red lines indicate mid-
cross-sections of network elements in which damage increases at this stage of analysis. Grey lines represent mid-cross-sections of elements at which damage is present but does
not increase at this stage of analysis.
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Fig. 12. Corrosion induced cracking for a single reinforcement bar: (a) average ﬂuid pressure along the steel/concrete boundary and (b) percentage of corrosion products
penetrating pores and micro-cracks. Stages (a) and (b) refer to the crack patterns shown in Fig. 11.
chosen so that cracks at the steel-concrete interface could open.
The transport parameters were chosen as j0 = 1 × 10−10 mm2,
n = 0.001 and l = 0.019 MPas. In structural examples in which
potentially spalling of the concrete cover occurs, the crack open-
ing, and thus crack permeability in the transport model, can be
very large. Therefore, for all analyses in Sections 6 and 7, the upper
limit for the crack permeability was calculated for an upper limit
of the equivalent crack opening w¯c = 0.05 mm to avoid numeri-
cal problems. The parameters, j0 and nwere chosen from a previous
study in [12]. On the other hand, the dynamic viscosity was deter-
mined by ﬁtting the experimental results shown in Fig. 10. The
model parameters for the corrosion products were chosen as a = 2
and icor = 100lA/cm2 according to the experiments in Andrade
et al. [2].
For the comparison with the experimental results in Fig. 10,
the experimental results were aligned with the numerical
results at an attack penetration depth xcor = 14.9lm, which
was the reported corrosion at the start of the test of Andrade
et al. [2].
The crack patterns at xcor = 6.87lm and 77.3 lm (corresponding
to stages (a) and (b) inFig. 10) are shown inFig. 11aandb, respectively.
The pressure at the steel concrete interface versus the loss of
radius xcor is shown in Fig. 12a. Furthermore, the ratio of transported
and total volumes of corrosion products versus the loss of radius xcor
is shown in Fig. 12b.
After surface cracking occurs (Fig. 11a), the pressure drops ini-
tially. However, one crack connected to the surface is not suﬃcient
to cause the complete failure of the specimen. Therefore, with
increasing steel radius loss, the pressure increases again which is
accompanied by a propagation of multiple additional cracks into the
specimen. The formation of the surface crack is initially associated
with a decrease of the ratio of transported and total volume of cor-
rosion products due to the pressure drop. However, with increasing
opening of the crack connected to the specimen surface this ratio
increases strongly. Thus, the increase of permeability due to the
increasing crack opening has a stronger inﬂuence than the reduction
of pressure.
7. Comparison with experiments
Next, the proposed coupled approach was applied to the pre-
diction of crack widths in a rectangular slab (specimen III-20-16 in
Mullard and Stewart [19]) containing four equally spaced reinforc-
ing bars (Fig. 13a). Again, the eigendisplacement that represents the
structural corrosion layer is applied to the interface elements along
the boundary between the reinforcement bar and concrete for each
of the four reinforcement bars. The crackwidth,wc is taken as the rel-
ative horizontal displacement between two nodes A and B at the top
of the specimen above the most right-hand reinforcement bar loca-
tion in Fig. 13a. The out-of-plane thickness of the specimen is 1000
mm. The structural and transport networks used for the analysis are
shown in Fig. 13b and c, respectively.
(a)
(b)
(c)
Fig. 13. Concrete specimen containing four reinforcing bars: (a) geometry and loading
setup according to [19], and (b) structural and (c) transport network.
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Fig. 14. Corrosion induced cracking of multiple reinforcement bars: comparison of
crack width wc versus radius loss xcor from the network model and experiments
reported in [19].
For concrete, the model parameters for the structural part were
again determined using FIB [10] based on the experimental results
in Mullard and Stewart [18]. The parameters were E = 39.4 GPa,
ft = 2.4 MPa, GF = 135.8 J/m2, c = 1. The steel was modelled to
behave elastically with E = 210 GPa and c = 1. As in Section 6, the
interface between steel and concrete was assumed to have the same
properties as concrete, except for the ratio of the normal and shear
stiffness which was set to a low value of c = 0.0001. The transport
parameters were chosen to be same as for the single reinforcement
bar specimen in Section 6 which were j0 = 1×10−10 m2, n = 0.001
and l = 0.019 MPas. The model parameters for the corrosion prod-
ucts were chosen again as a = 2 and icor = 100lA/cm2, as it was
done in Section 6.
In Fig. 14, the comparison between the numerical and the exper-
imental results from Mullard and Stewart [18] is shown in the form
of crack openingwc versus radius loss xcor. Overall, a good agreement
was obtained.
The crack patterns at xcor = 16.4lm and 366.1 lm are shown in
Fig. 15a and b, respectively.
The average ﬂuid pressure along the steel/concrete versus the loss
of radius xcor is shown in Fig. 16a. Furthermore, the ratio of trans-
ported and total volumes of corrosion products versus the loss of
radius xcor is shown in Fig. 16b.
The crack patterns in Fig. 15 show that initially the cracks reach
the surface. Upon further corrosion, the cracks around the indi-
vidual reinforcement bars join up. At the end of the analysis, the
crack formation indicates spalling of the concrete surface. The crack
propagation is accompanied by signiﬁcant pressure drop. However,
because of the severe cracking the increase in permeability is so great
that the ratio of transported and total ratio still increases despite the
pressure drop. At a radius loss of xcor = 100lm, the ratio decreases
which is due to a combination of the further reduction in pres-
sure and the imposed upper limit on the permeability which was
applied to the structural analyses in the present section and Section 6
(a)
(b)
Fig. 15. Corrosion induced cracking for multiple reinforcement bars: fracture patterns for xcor values of (a) 16.4 lm and (b) 366.1 lm. Red lines indicate mid-cross-sections of
network elements in which damage increases at this stage of analysis. Grey lines represent mid-cross-sections of elements at which damage is present but does not increase at
this stage of analysis.
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Fig. 16. Corrosion induced cracking for multiple reinforcement bars: (a) average ﬂuid pressure along the steel/concrete boundary and (b) percentage of corrosion products
penetrating pores and micro-cracks. Stages (a) and (b) refer to the crack patterns shown in Fig. 15.
to avoid computational problems. Without this upper limit on the
permeability it would be expected that the ratio is monotonically
increasing.
8. Conclusion
A new transport-structural modelling approach to corrosion
induced cracking has been proposed, which includes the pressure
driven transport of corrosion products. This approach has been
applied to both an axisymmetric thick-walled cylinder model and
a network model. The results of the two models are in very good
agreement in the form of pressure versus radius loss, crack fronts
and transported volumes versus radius loss. Whereas the axisym-
metric thick-walled cylinder model is only valid up to the peak of the
pressure-radius loss curves, the network model has the potential to
predict the entire propagation phase up to spalling.
The present coupled transport mechanical model is a research
tool which is intended, together with detailed experiments, to
improve the understanding of corrosion induced cracking. This
understanding can then be used to develop design charts which
can be applied to the prediction of the deterioration of reinforced
concrete structures undergoing corrosion induced cracking. Future
research will focus on determining the spatial distribution of cor-
rosion products around reinforcement bars. Furthermore, more
research is required to investigate the interplay of the expansion fac-
tor, current density and dynamic viscosity parameters used in the
present study.
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